Abstract A sensitive electrogenerated chemiluminescence peptide-based (ECL-PB) biosensing method for the determination of protein was developed by employing peptideintegrating Ru(bpy) 3 2+ (bpy=2,2′-bipyridine)-functionalized gold nanoparticles (Ru(bpy) 3
2+
-AuNPs-peptide) as nanoprobe. Cardiac troponin I (cTnI), a reliable clinical biomarker for the detection of cardiac injury, was chosen as target protein, while a specific binding peptide (CFYSHSFHENWPS) was used as molecular recognition element. AuNPs were firstly functionalized with Ru(bpy) 3 2+ through electrostatic interactions between citrate-capped AuNPs and Ru(bpy) 3 2+ to form Ru(bpy) 3
-AuNPs aggregates and then functionalized with peptide through Au-S bounds to form Ru(bpy) 3
-AuNPs-peptide nanoprobe. AuNPs not only can capture numerous signalgenerating molecules, resulting in high ECL intensity but also can capture a significant amount of the peptide, providing poly binding motif. The specific capture peptide was self-assembled on the surface of a gold electrode and then incubated with the target cTnI and Ru(bpy) 3
-AuNPs-peptide successively. A sandwich-type peptide/cTnI/Ru(bpy) 3
-AuNPs-peptide conjugate was formed on the surface of the electrode and an ECL signal was obtained in the presence of tri-n-propylamine. The novel biosensing method facilitates the sensitive detection of cTnI in the range from 3.0 × 10 −12 g mL −1 to 7.0 ×
Introduction
Cardiac troponin I (cTnI), a part of the troponin complex present in cardiac muscle tissues, is a reliable biomarker of cardiac muscle tissue injury and is widely used in the early diagnosis of acute myocardial infarctions [1, 2] . Although an increase in cTnI concentration from 10 pg mL −1 to over 1 ng mL −1 into blood vessels within a few hours occurs during the damage to cardiac muscles, it is present at ultralow levels following the onset of acute myocardial infarction symptoms. Therefore, it is needed to develop sensitive methods for monitoring cTnI concentration during early stages [3] . Up to now, a lot of methods have been utilized in the determination of cTnI such as colorimetric [4, 5] , fluorescent [6, 7] , electroc h e m i c a l [ 8 , 9 ] , c h e m i l u m i n e s c e n c e [ 1 0 ] , a n d electrogenerated chemilminescence (ECL) [11] [12] [13] [14] . Among them, ECL has attracted attention in protein biosensing due to advantages such as a very low background signal, high sensitivity, and good temporal and spatial control [15, 16] . For example, two ECL immunosensors were reported by Cui et al. for human cTnI detection using luminol and N--(aminobutyl)-N-(ethylisoluminol)-functionalized gold nanoparticles (AuNPs) as signals [11, 12] . An ECL immunoassay was developed by Smith for the detection of rat TnI in serum [13] . Ruan reported an ECL immunosensor for the detection of cTnI by using self-enhanced ECL luminophore [14] . ECL immunoassays are typically conducted by employing antibodies as molecular recognition elements. However, antibodies exhibit certain limitations. For instance, the expensive production in mammalian cells and the stability in harsh environments of the antibody make it desirable to seek alternative affinity molecules [17] . Short linear binding peptides selected using phage display techniques have received much attention in protein analysis due to the cost-effective synthesis, stability and resistance to harsh environments, and facile molecular level amenability, as compared to antibodies [18] . A linear peptide (with the sequence FYSHSFHENWPS) was first selected using polyvalent phage display by Park et al. that could selectively bind to human cTnI with nanomolar affinity [19] . A homogeneous ECL peptide-based method for the detection of cTnI has been developed in our lab using the specific peptide as a molecular recognition element [20] . However, the sensitivity is limited because one ECL signal per peptide is employed. We recently reported a homogeneous ECL method for cTnI using liposomes as carriers of the ECL signal reagent, in which a low detection limit of 4.5 pg mL −1 was obtained for cTnI because liposomes can encapsulate large amounts of reporter molecules (1.9 × 10 7 ruthenium derivatives/liposome) [21] . Compared with conventional ECL methods with one label per recognition element, the aforementioned technologies show enormous signal amplification, but the complicated labeling and analytical procedures required the need for novel, simple, and sensitive methods for cTnI in clinical settings.
Since the use of AuNPs for biological uses was first demonstrated by Mirkin et al. in 1996 [22] , AuNPs have been widely used in the design of biosensors [23] [24] [25] . Generally, AuNPs are employed in the modification of electrodes [26, 27] as they provide a large surface area and facilitate the electron transfer between active molecules and electrodes. Moreover, AuNPs have been employed as carriers for conventional signals such as luminol [11, 28] and ruthenium complexes [29] thus affording ECL signal amplification. Since many luminol moieties with chemiluminescence activity were coated on the surface of the AuNPs, a low detection limit of 2 pg mL −1 for cTnI was obtained via the signal amplification by the AuNPs. Tris(2,2′-bipyridine) dichlororuthenium(II) (Ru(bpy) 3
2+
) has received considerable attention as an ECL signal reagent because of its higher luminescence yield and good electrochemical and photochemical stability [30] . AuNPs can be functionalized with Ru(bpy) 3 2+ and derivatives via electrostatic interactions or self-assembly and have been used in chemical sensors [31] [32] [33] , immunosensors [34] , DNA biosensors [35] [36] [37] , and cell bioassay [38] .
With our interest in the development of ECL peptide-based (ECL-PB) biosensors, we design a peptide-integrating Ru(bpy) 3
-functionalized gold nanoparticles (Ru(bpy) 3 2+ -AuNPs-peptide) nanoprobe and develop a sensitive and simple method for the detection of cTnI (Fig. 1) . In this work, the characteristics of Ru(bpy) 3 2+ -AuNPs and Ru(bpy) 3 2+ -AuNPs-peptide and the analytical performance toward cTnI are presented.
Experimental Reagents and apparatus
Peptide CFYSHSFHENWPS (MW = 1640.77, Fig. S1 in Supporting Information) was designed according to Park et al. [19] , which contained a terminal thiol-containing cysteine residue to facilitate self-assembly on the surface of the gold electrode or AuNPs, and purchased from Sinoasis Pharmaceuticals, Inc. Phosphate-buffered saline (PBS; 0.1 M) consisted of 0.1 M NaH 2 PO 4 , 0.1 M Na 2 HPO 4 , and 0.1 M KCl (pH 7.4). Phosphate buffer (PB; pH 7.4; 10 mM) contained 10 mM NaH 2 PO 4 , and 10 mM Na 2 HPO 4 was used as the washing buffer. Other reagents were of analytical grade, and millipore Milli-Q water (18.2 MΩ cm) was used in this work.
ECL and electrochemical setups were similar to those in our previous work [27] . The integrated ECL imaging system included a CHI 660 electrochemical workstation (Shanghai Chenhua Instrument Co. Ltd., China) suitable for the needed potential for the ECL-triggered reaction, an Olympus IX-51 inverted microscope (Olympus corporation, Tokyo, Japan) and a Magnafire model iXon + DU-897 Andor EMCCD (Andor Technology Ltd., Belfast, Northern Ireland). A JEM-2100 transmission electron microscope (JEOL, Japan) was used to obtain transmission electron micrograph (TEM) images. Atomic force micrograph (AFM) images were obtained with a CSPM5500 Scanning Probe Microscope (Being NanoInstruments, ltd. China).
Preparation of Ru(bpy) 3

2+
-AuNPs and Ru(bpy) 3
2+ -AuNPs-peptide
AuNPs with a diameter of~12 nm were prepared by citrate reduction of HAuCl 4 in an aqueous solution according to Frens's work [39] . In brief, 100 mL of 0.01 % HAuCl 4 was heated to boiling, and then, 4 mL of 1 % (3.4×10 −2 M) sodi- -AuNPs-peptide) nanoprobe. According to the process in the Sun's work [23] , 100 μL of an aqueous solution of 10 μM Ru(bpy) 3 -AuNPs-peptide was stored at 4°C until use. The preparation of Ru(bpy) 2 (dcbpy-NHS)(PF 6 ) 2 -labeled peptide (Ru1-peptide) was carried out according to a procedure described previously [20] .
Immobilization of capture probe
A gold electrode (2.0-mm diameter) was treated according to Carvalhal et al. [40] . A cleaned gold electrode was immersed into 0.5 mL of 11.3 μM capture peptide solution for 2 h at room temperature and then thoroughly washed with 10 mM PB (pH 7.4). After that, the resulting electrode was immersed in 100 μL of 1 mM MCH for 30 min to block the uncovered surface of the electrode and was washed with 10 mM PB (pH 7.4) to obtain the peptide-modified electrode.
ECL measurements
First, the peptide-modified electrode was immersed into 100 μL of different concentrations of target cTnI and incubated for 60 min. Next, the resulting electrode was immersed into 100 μL 5-fold diluted Ru(bpy) 3 2+ -AuNPs-peptide solution and incubated for another 60 min. After each incubation step, Fig. 1 Scheme of the fabrication of the ECL peptide-based biosensor and ECL detection of cTnI the electrode was rinsed thoroughly with 10 mM PB (pH 7.4) to remove adsorption components. The ECL measurement was performed at a constant potential of +0.95 V in 1.0 mL of 0.10 M PBS (pH 7.4) containing 50 mM TPA, and the initial cycle data was recorded. The concentration of cTnI was quantified by the increased ECL intensity (ΔI=I s −I 0 ), where I 0 is the ECL peak height in the absence of cTnI and I S is the ECL peak height in the presence of cTnI. All experiments were carried out at room temperature.
ECL images were obtained in 1.0 mL of 0.10 M PBS (pH 7
Results and discussion
Characterization of Ru(bpy) 3
2+ -AuNPs-peptide
In this work, Ru(bpy) 3 2+ -AuNPs were firstly synthesized through electrostatic interactions between citrate-capped AuNPs and Ru(bpy) 3 2+ in aqueous medium (as shown in Fig. 2a) , and the formed Ru(bpy) 3
2+
-AuNPs were characterized by UV-vis spectrum, fluorescence imaging, and TEM. The color of the AuNP solution is wine red (Fig. 2b, insert) , and UV-vis spectrum of AuNPs gives a broad absorption at 523 nm (Fig. 2e) [41] . TEM shows that a well-dispersed AuNPs have an average diameter size of~12 nm (Fig. 2b) .
After treatment with Ru(bpy) 3
, the color of Ru(bpy) 3
AuNPs changed to purple (inset of Fig. 2c) , and the absorption peak of Ru(bpy) 3 2+ -AuNPs (537 nm) was red shifted bỹ 16 nm (Fig. 2f) [42] . This indicates that the aggregation of AuNPs occurs, attributed to the fact that the positively charged Ru(bpy) 3 2+ serves as a cross-linking agent for negatively charged citrate-capped AuNPs [23] . The aggregation or flocculation of AuNPs upon addition of a Bcross-linkingâ gent is well-documented [43] . The effective loading of Ru(bpy) 3 2+ on the AuNPs could also be visualized via fluorescent imaging (see Fig. S2 in Supporting Information). The effect of concentration of Ru(bpy) 3 2+ on the color of AuNPs was examined, and it was found that the color of AuNPs was changed from red to purple, and red to black precipitation change with the increase of Ru(bpy) 3 2+ concentration from 10 −5 to 0.05 M, respectively, which can be monitored by TEM and naked eyes (seen in Supporting Information Fig. S3 ). Here, 10 −5 M Ru(bpy) 3 2+ was employed when preparation of Ru(bpy) 3
-AuNPs in order to get stable and uniform ECL probe.
AuNPs not only provide an immobilized platform for Ru(bpy) 3 2+ but also provide an immobilized platform for the peptide. The capture peptide was self-assembled on Ru(bpy) 3 2+ -AuNPs via Au-S bonds yielding peptideRu(bpy) 3
-AuNPs nanoprobe and characterized by TEM, UV-vis spectrum, and visual picture. A slight aggregation occurs after the peptide conjugation, which was confirmed by the morphologies of Ru(bpy) 3
-AuNPs-peptide, as determined by TEM (Fig. 2d ) and visual picture after the conjugation step (Fig. 2d, insert) . UV-Vis spectra of the Ru(bpy) 3 2+ -AuNPs-peptide showed the characteristic peaks at 280 and 542 nm, indicating that peptide has been self-assemblyed onto AuNPs (Fig. 2g) . Figure 1 shows the scheme of the fabrication of the ECL peptide-based biosensor and ECL detection of cTnI. A specific capture peptide was self-assembled on the surface of a gold electrode and then incubated with the target cTnI and Ru(bpy) 3 2+ -AuNPs-peptide successively. A sandwich-type peptide/cTnI/Ru(bpy) 3 2+ -AuNPs-peptide conjugate was formed on the surface of the electrode. Cyclic voltammetry (CV) is a powerful tool to probe the nature of the modified electrodes by using Fe(CN) 6 3− /Fe(CN) 6 4− couple as redox probe [44, 45] . A well-defined redox peak of [Fe(CN) 6 ] 3−/4− was obtained at bare gold electrode with a peak potential separation, ΔE, of 90 mV (see Fig. S4a ). After the peptide and MCH were immobilized on the gold electrode, the oxidation peak current decreased to 27.2 μA, and the ΔE increased to 150 mV (see Fig. S4b ). After the peptide-modified electrode was incubated with cTnI and Ru(bpy) 3
Feasibility of the ECL-PB biosensing method for cTnI
2+
-AuNPs-peptide, the oxidation peak current further decreased to 25.5 and 15.0 μA, and the ΔE further increased to 170 mV (Fig. S4c ) and 270 mV (Fig. S4d) , respectively. The results indicates that the capture peptide can self-assemble on the bare gold electrode and the peptide-modified electrode can react with cTnI and Ru(bpy) 3
-AuNPs-peptide. Figure 3 shows the ECL intensity-potential profiles with simultaneous CVs at different electrodes. In Fig. 3a , it can be seen that an irreversible oxidation peak appears at 1.01 Vat the peptide-modified electrode incubating with cTnI, ascribed to the irreversible oxidation peak of TPA. An irreversible oxidation peak appears at 0.98 V after the peptide-modified electrode incubating with cTnI and Ru(bpy) 3
-AuNPs-peptide (Fig. 3b) , respectively. A negative shift of the peak potential was observed at the peptide-modified electrode after incubation with cTnI and Ru(bpy) 3 2+ -AuNPs-peptide, which may be ascribed to the presence of AuNPs on the electrode surface [46] . The increase of the oxidation peak current is ascribed to the reduction of Ru(bpy) 3 2+ by TPA free radical formed during TPA oxidation [47] . A very low ECL signal (a.u. 73) was obtained at the peptide-modified electrode after incubation with cTnI (Fig. 3b, line a) , while a relatively high ECL signal (a.u. 2336, 0.95 V) was obtained at the peptide-modified electrode after incubation with 3.0× 10 −12 g mL −1 cTnI and Ru(bpy) 3
-AuNPs-peptide (Fig. 3b, line b) . The original of this ECL peak at 0.95 V is ascribed to that TPA + (formed during TPA oxidation) oxidize Ru(bpy) 3 + (formed from the reduction of Ru(bpy) 3 2+ by TPA free radical) to give Ru(bpy) 3 2+ * [47] . As such, Ru(bpy) 3
-AuNPs-peptide can be used as an ECL probe to determine cTnI. In order to illustrate the amplification ability of AuNPs, Ru(bpy) 3
-AuNPs-peptide and Ru1-peptide were employed as ECL probes (as shown in Fig. 4a) , and the comparison of ECL responses of Ru1-peptide probe with that of Ru(bpy) 3 2+ -AuNPs-peptide probe was performed for target cTnI. Figure 4b shows the ECL intensity-potential profiles at different electrodes in 0.1 M PBS (pH 7.4) containing 50 mM TPA. A high ECL signal (7256 a.u.) is observed for 7.0 × 10 −11 g mL −1 cTnI using Ru(bpy) 3
-AuNPs-peptide (line a). In contrast, a small ECL signal (3981 a.u.) is observed for a 10-fold higher level of cTnI (7.0×10 −10 g mL
) using Ru1-peptide. The ECL intensity using Ru(bpy) 3
-AuNPs-peptide as ECL probe is much larger than that of Ru1-peptide.
ECL imaging shows that both of the peptidemodified electrode using Ru(bpy) 3 2+ -AuNPs-peptide and Ru1-peptide as ECL probe can yield a detectable ECL signal (Fig. 4c, d ). As such, the proposed ECL method was viable for the determination of cTnI. The nonuniform ECL signal on the electrode surface may be ascribed to the heterogeneity of the electrochemical activity on the electrode surface [48] and the nonuniform distribution of Ru(bpy) 3 2+ on the surface of the modified electrode. ECL counts also show that the ECL signal using Ru(bpy) 3 2+ -AuNPs-peptide as ECL probe is much higher than that of Ru1-peptide. This is attributed to the fact that Ru(bpy) 3 2+ -AuNPs-peptide not only captured numerous signal-generating molecules (Ru(bpy) 3 2+ molecules), resulting in a high ECL signal, but also captured a significant amount of peptides, providing a sensing platform for cTnI [49, 50] . Moreover, AuNPs assembled on the electrode can also catalyze the ECL of the ruthenium complex/TPA system [51] . The signal amplification with Ru(bpy) 3 2+ -AuNPs-peptide as ECL probe is evident. 
Analytical performance for the determination of cTnI
Experimental parameters including applied potential and incubation time were optimized; 0.95 V was chosen as the applied potential and 60 min was employed as the incubation time in order to obtain a high sensitivity (see Fig. S5 in Supporting Information). Figure 5 shows the ECL profiles of the peptide-modified electrode after incubation with different concentrations of cTnI under the optimized conditions. The ECL intensity increased with increased cTnI concentrations and was directly related to the logarithm of the concentration of cTnI in the range of 3.0×10 −12~7
.0×10 −11 g mL −1
. The linear regression equation was ΔI=37708+3138lgC (unit of C is g mL ) with a correlation coefficient of 0.9954. The detection limit was 0.5 pg mL −1 (S/N=3). The proposed method exhibited more excellent analytical properties compared with other reported method for the detection of cTnI (Table 1) . For example, the detection limit was 240-fold lower than that obtained by homogenous ECL method in our previous report using Ru1-labeled peptide [20] and nearly 10-fold lower than that obtained by ECL method in our previous report using liposome as carrier [21] . The relative standard deviation (RSD) for 5.0×10 −12 g mL −1 cTnI was 4.3 % (n=5).
The ECL response for 5.0×10 −12 g mL −1 cTnI did not significantly change when stored in 10 mM PB (pH 7.4) at 4°C for 10 days (RSD=6.4 %).
To assess the selectivity of the ECL-PB biosensing method, we attempted to determine cTnI in the presence of CRP, a specific marker for coronary events, sTnI, an isoform of troponin I, and other proteins including IgG, BSA, albumin chicken egg protein, and PSA. As shown in Fig. 6 , a significant increase in the ECL signal was induced by the interaction of the peptide-modified electrode with cTnI compared to that for CRP and sTnI. Moreover, the ECL intensities increased with increased concentrations of cTnI. No obvious increases for CRP and sTnI were observed with increased concentrations of CRP and sTnI from 3.0×10 −12 to 7.0×10 −11 g mL −1
. Therefore, the developed strategy has sufficient selectivity, and cTnI could be unequivocally identified in the presence This work EC electrochemistry, CL chemiluminescence , e 3.0×10 −11 g mL
, f 5.0× 10 −11 g mL −1
, and g 7.0×10 −11 g mL −1
. The measurement conditions: 0.10 M PBS (pH 7.4) containing 50 mM TPA, applied potential, 0.95 V of CRP and sTnI. A significant increase for 5.0×10
−11 g mL
cTnI was obtained (ΔI=5268), while a slight increase in the ECL intensity for 1.0×10 −9 g mL −1 of other proteins was found (BSA (ΔI=195), PSA (ΔI=195), lgG (ΔI=391), and egg protein (ΔI=433), see Fig. S6 in Supporting Information). Clearly, these proteins did not interfere with the detection of cTnI. These results prove that the specific peptide selected by phage display technology has sufficient affinity for cTnI.
Conclusion
Here, a sensitive and simple ECL peptide-based biosensing method for cTnI was developed by incorporating Ru(bpy) 3 2+ -AuNPs-peptide as an ECL nanoprobe and a specific peptide as a molecular recognition element. Notably, AuNPs not only can capture numerous signal-generating molecules, resulting in high ECL intensity, but also can capture a significant amount of the peptide, providing poly binding motif. This novel Ru(bpy) 3 2+ -AuNPs-peptide probe displayed better ECL responses than the Ru1-labeled peptide probe. A low detection limit of 0.5 pg mL −1 was obtained for cTnI.
Additionally, the proposed method is simple and timesaving because it avoids the complicated, uncontrollable synthesis of functional nanoparticles. Moreover, it utilizes a facile labeling procedure compared with other multilabel strategies involved in most ruthenium complexencapsulated liposomes. Finally, the utilization of sandwich model could enhance the selectivity of the biosensor of cTnI. The strategy presented here could be easily extended to develop other ECL and electrochemical biosensing methods for other disease-related proteins.
